ABSTRACT We studied the physiology of pulmonary venous flow in 13 normal subjects and five patients with atrial rhythm disorders and atrioventricular conduction disturbances with pulsed Doppler and two-dimensional echocardiography. The left atrium, mitral valve, and pulmonary venous ostia were visualized through the apical four-chamber view. Mitral Using pulsed Doppler echocardiography, we studĩ ed the pattern of the pulmonary venous flow in normal subjects and in patients with atrial fibrillation, atrial standstill, and high-grade atrioventricular block to attempt to elucidate the relationship between pulmonary venous flow, atrial systole, and other events occurring during the cardiac cycle.
THE PATTERN OF FLOW in the large extraparenchymal pulmonary veins is pulsatile in both dog and man.'-'' The pulsatile nature of pulmonary venous flow has been suggested by several investigators to result from changes in left atrial pressure occurring throughout the cardiac cycle.' 6 Others have attributed pulmonary flow to forward transmission of pressure pulses from the right ventricle through the pulmonary circulation7"'' or to a combination of the propulsive force of the right ventricle and suction created by the left heart.' I] Simultaneous invasive measurements of pulmonary vein flow and left atrial pressure in a canine preparation and in patients with aortic stenosis revealed that pulmonary vein flow velocity was maximal during the troughs and minimal during the peaks of left atrial pressure. ' Using pulsed Doppler echocardiography, we studĩ ed the pattern of the pulmonary venous flow in normal subjects and in patients with atrial fibrillation, atrial standstill, and high-grade atrioventricular block to attempt to elucidate the relationship between pulmonary venous flow, atrial systole, and other events occurring during the cardiac cycle.
Materials and methods
Subjects. Eighteen individuals were recruited to participate in the study and data from all are reported. Eleven subjects were normal student volunteers; one was a normal baby and another a normal octagenarian. Two patients had --lone-atrial fibrillation, one patient had isolated sinoatrial standstill, one patient had 2:1 atrioventricular block, and another patient had complete atrioventricular block. The latter patients had primary conduction disorders and presented for pacemaker implantation. Only patients clinically free of structural heart disease were selected for study.
All patients underwent thorough clinical evaluation before the study; relevant findings are given in 
Results
Normal subjects (table 2) . Figure 3 illustrates the characteristics of flow through the pulmonarv veins in normal subjects as it is related to the mitral valve echocardiogram and flow through the mitral valve. The tracings were not registered simultaneously but taken a few minutes apart and synchronized at the same heart rate with the electrocardiogram as a mnarker. In normal subjects, pulmonary venous flow has two phases ( figures 2 and 3) . The first or J phase occurs during ventricular systole, shortly after the QRS (77 + 28 msec; table 2). In our normal subjects this phase of flow reached a peak at 229 ± 57 msec, about 180 msec after mitral valve closure (Q--J). The second or K phase, corresponding to ventricular diastole, reached its maximum (Q->K) 558 + 72 msec after the QRS complex. The second phase ended before the end of the cardiac cycle (703 + 136 msec). This pattern of flow was consistent in all 13 normal subjects. In subject 10 a very small and continuous low second phase of flow was observed and a peak could not be demonstrated. The mean peak flow velocity of the first phase (J) was 44.5 + 10.3 cm/sec and that of the second phase was 53 ± 15 cm/sec.
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The second phase of flow (K), during ventricular diastole, occurs consistently after the rapid filling wave of the mitral flow (E wave). In our normal subjects mitral flow started 397 + 43 msec after the QRS complex, and the peak of the rapid filling wave was measured at 496 + 56 msec. The maximum velocity of mitral flow occurred significantly earlier (p < .001) than the peak of the K phase of the pulmonary venous flow. The atrial contribution to ventricular filling ( and 16) there was only one major phase of flow through the pulmonary veins into the left atrium (K phase). During ventricular systole, the first flow phase (J) was small. After opening of the mitral valve, the K phase of flow from the pulmonary vein into the left atrium was readily recorded. The peak of the K phase (the only significant phase of flow in these patients) occurred in all three patients after the peak of the mitral E wave. Pulmonary flow in patients with high-grade atrioventricular block (figure 5). In patients with high-grade atrioventricular block (Nos. 17 and 18), significant surges of pulmonary venous flow followed each atrial contraction, including contractions caused by blocked P waves (J2 in figure 5 ). Pulmonary venous flow varied with changes in the temporal relationship between atrial and ventricular systole. When ventricular systole occurred within 200 msec after atrial contraction, augmented pulmonary venous flow was observed (J1 in figure 5 ). In patient 17 (2:1 atrioventricular block), conducted P waves were associated with a large normal J phase of flow during ventricular systole.
Discussion
The pulsatile nature of pulmonary venous flow has been established in previous studies'-'' and confirmed by the present observations. Two mechanisms have been suggested for the control of pulmonary venous 1110 flow. One group of investigators holds that pulmonary venous flow should be attributed to forward transmission of pressure from the right ventricle through the pulmonary vasculature.7-' A second group suggests that pulmonary flow is determined by a "suctioning effect" created by the left atrium and left ventricle throughout the cardiac cycle.
Rajagopalan et al. [1] [2] [3] observed, in a canine preparation, that flow in the large extraparenchymal pulmonary veins is dominated by left atrial events. Thus, when the left atrial pressure was high, flow through the pulmonary veins was reduced, and when the pressure was low, flow into the left atrium increased. Dixon et al."' and Morgan et al.l 6 argue that the mechanical events in the left heart define the phasic characteristics of pulmonary venous flow and that the suction effect on blood by the heart, in their view, is more important in determining venous flow pattern than the influence of the transmitted forward pulse.
Our data support the views of Rajagopalan`' and others4'6 and suggest that the pattern of flow from the pulmonary veins is determined mainly by events occurring on the left side of the heart. Each of the pulmonary venous flow pulses, the first of which occurs during ventricular systole and the second of which occurs during diastole, contributed significantly to left ventricular filling. This was documented by digitizing the area under the curve for each flow pulse. Since our study was noninvasive, we could not relate our findings to pressure events in the left atrium and pulmonary artery. However, since left ventricular filling is adequately reflected by mitral flow, it is reasonable to relate flow through the mitral valve to the pulses of flow observed in the pulmonary veins. The J phase occurs while the mitral valve is closed and is a reflection of the reduced pressure in the left atriuLm that results from relaxation of the atrium at the end of diastole. Moreover, during the early phase of ventricular systole, the mitral valve descends slightly as a result of the contraction and shortening of the long diameter of the left ventricle. This movement contributes to the reduction in left atrial pressure" that promotes flow from the pulmonary veins into the left atrium. After the rapid filling wave across the mitral valve, the pressure in the left atrium is reduced and flow from the pulmo nary veins into the left atrium resumes in a second phase. This K phase occurs during ventricular diastole, reaches a peak after the rapid filling wave, and diminishes before the atrial contribution to mitral flow. During this phase, the atrium acts as an open conduit through which blood flows directly from the pulmonary veins through the mitral valve into the left ventricle. phenomena are not synchronized constitutes a setting in which the relative contributions of atrial and ventricular events to pulmonary venous flow can be assessed. If right ventricular events were the main determinants of pulmonary venous flow, these patients should have had a grossly normal pulmonary venous flow pattern. This was not the case. In patients without atrial contraction (atrial fibrillation and sinoatrial standstill) the J phase, which corresponds in time to ventricular systole, was of minimal magnitude whereas the K phase, which followed mitral rapid filling, was recorded as a significant pulse of flow. Moreover, the phenomena observed in patients with high-grade atrioventricular block support the view that left-sided forces are the main determinants of pulmonary venous flow. Had right ventricular systole been the dominant factor in pulmonary venous flow, no flow would have been expected following a blocked P wave. However, significant flow was observed after atrial contraction both after conducted and nonconducted P waves (figure 5).
Thus, it appears that the reduction in left atrial pressure is responsible for the J phase of the pulmonary venous pulse, while left ventricular relaxation and rapid emptying of the left atrium are responsible for the second or K wave.
Rajagopalan et al. suggested that since the pulmonary veins are thin walled and collapsible, they function as compliant structures, and because of their large reservoir capacity, the left ventricular stroke volume can be maintained relatively unaffected by beat-to-beat changes in right ventricular stroke output. The dimensional changes that occur in the large pulmonary veins during each cardiac cycle provide the major component of the overall compliance of the pulmonary venous system. According to Rajagopalan et al., this property enables pressure and flow in the pulmonary capillaries to take place in virtual isolation from pressure changes in the left atrium. Naito et al.s5 could demonstrate retrograde flow from the atrium into the pulmonary veins only when atrial contraction occurred during ventricular systole. In the present study, no retrograde flow was observed from the left atrium into the pulmonary venous system during atrial systole.
In conclusion, our results confirm that the pulsatile nature of pulmonary venous flow is primarily influenced by events occurring on the left side of the heart. Reduction in left atrial pressure, secondary to left atrial relaxation and augmented by the descent of the base of the heart at the beginning of systole, results in the initial flow of blood from the pulmonary veins. This J phase corresponds in time to ventricular systole but is not initiated by it. The K phase of pulmonary venous flow corresponds in time to rapid flow across the mitral valve, and is terminated by the rise in left atrial pressure during atrial systole.
